The interferon-gamma (IFN-γ) assay is employed as a complementary diagnostic test for bovine tuberculosis (BTB) in many countries. To simplify this assay, we established a 96-well plate format using the ESAT-6 and CFP-10 antigens and then employed it to determine the extent of Mycobacterium (M.) bovis infection in dairy herds with a history of BTB outbreaks in a country where only selective culling is practiced. The sensitivity and specificity of this IFN-γ assay were 85.9% and 100%, respectively, based on comparison with the conventional single intradermal tuberculin test (SIDT). The IFN-γ assay was also positive in 30.4% and 36.8% of SIDT-negative animals from herds with recent and remote BTB outbreaks, respectively. Of 14 SIDT-negative, IFN-γ positive cattle, five (35.7%) were culture positive and an additional six were positive based on a polymerase chain reaction-based test for M. bovis. Therefore, the IFN-γ assay has the potential to serve as a specific and sensitive test for M. bovis infection in dairy cattle. Further, the results indicated that a substantial portion of SIDT-negative animals in herds with previous BTB outbreaks were actually infected with M. bovis. Accordingly, the present selective-culling strategy may require modifications to include this more sensitive assay.
Introduction
Bovine tuberculosis (BTB) is one of the major diseases caused by Mycobacterium (M.) bovis, a member of the Mycobacterium tuberculosis complex. M. bovis can infect cattle, deer, wildlife, and humans via respiratory routes [8] .
BTB has been spreading worldwide and is a major issue concerning human public health, particularly in areas where unpasteurized milk is consumed. BTB also threatens the agricultural economies of many countries [10] . A testing and culling strategy has been widely adopted to eradicate BTB from dairy cattle herds. The diagnosis of BTB is primarily based on the single intradermal test (SIDT), which measures M. bovis-specific cell mediated immune (CMI) responses following intradermal injection of bovine purified protein derivative (PPD) [9] . The use of SIDT and the culling of M. bovis-infected animals resulted in a rapid decrease in the incidence of BTB. However, as the prevalence of M. bovis infection in cattle decreased, the sensitivity and specificity of SIDT were reduced due to the rarity of infected animals and infection by non-tuberculous mycobacteria (NTM), respectively [6] . Therefore, a more sensitive and specific diagnostic test is needed. Recently, an interferon-gamma (IFN-γ) assay, the Bovigam Bovine Gamma Interferon Test (Prionics, Switzerland), was reported to detect M. bovis-infected animals with a sensitivity of 82 ~ 100% and a specificity of 94∼100% [3, 22] . Although culling of M. bovis-infected animals is recommended for effective eradication of BTB, cost constraints have resulted in only SIDT-positive animals actually being culled in the national BTB control programs of many countries, including South Korea. This policy has the potential to leave M. bovis-infected but SIDT-negative animals in herds that have had BTB outbreaks [3] . Repeated SIDT of all animals in herds with BTB outbreaks followed by selective culling may eventually be successful in eradicating BTB, but its cost will be much higher than a culling strategy that is initially effective. It would also be more cost effective if a selective culling practice was applied based on a highly sensitive assay for the detection of M. bovis infection. With recent development of the IFN-γ assay, it is now of great interest to determine the extent of M. bovis infection in cattle herds from which all SIDT-positive animals have been culled. Bovine IFN-γ assays generally utilize bovine PPD and avian PPD antigens to stimulate peripheral lymphocytes to eliminate non-specific responders due to exposure to NTM [16, 20, 21] . However, since M. tuberculosis complex-specific antigens such as early secreted antigenic target protein 6 kDa (ESAT-6) and culture filtrate protein 10 kDa (CFP-10) have been widely applied for detection of latent tuberculosis infection in humans, it would be more applicable for diagnostic laboratories to use these antigens instead of bovine and avian PPDs. Therefore, this study was conducted to establish an IFN-γ assay using the ESAT-6 and CFP-10 antigens and to determine the extent of M. bovis infection in cattle herds in which only SIDT-positive animals have been culled. Using this assay, we found that more than 30% of SIDT-negative cattle in herds with only partial culling were IFN-γ-positive, indicating that the IFN-γ assay may be more effective than SIDT at detecting M. bovis infection.
Materials and Methods

Animals
Animals used in this study were Holstein Friesian cattle aged over 1 year from (i) four dairy farms that had had no SIDT-positive cattle for more than 5 years based on repeated annual testing (n = 100), (ii) four dairy farms that had a history of BTB, but did not have any SIDT-positive animals within the current testing in a year (remote outbreak) (n = 114), and (iii) 11 farms that had at least one SIDT-positive animal within the current testing in a year (recent outbreak) (n = 260). All dairy farms were located in Northern Gyoenggi Province, Korea. SIDT-positive cattle were used as positive controls (n = 135), while animals from BTB-free farms were used as a negative control (n = 100).
SIDT
Cattle were injected with 100 μL of bovine PPD (2 mg/mL) into the caudal fold, and the results of this test were based on the skin thickness determined 48∼72 h after injection. The animals were considered positive if there was an increase of 5 mm or more in skin thickness, borderline-positive if the increase in skin thickness was more than 3 mm but less than 5 mm, and negative if the skin thickened by no more than 3 mm.
Blood collection and IFN-γ assay
Heparinized blood samples were collected from each animal and delivered to the laboratory within 8∼10 h of blood collection. Whole blood cultures were performed in 96-well plates in aliquots of 200 μL/well. Each aliquot was stimulated with pokeweed mitogen (PWM; SigmaAldrich, UK), a mixture of recombinant ESAT-6 and CFP-10 antigens, which were expressed in Escherichia coli as previously described [4, 19] , and phosphate buffered saline (PBS). PWM and PBS were used as positive and negative controls, respectively. The final concentration was 10 μg/mL for the antigen cocktail (5 μg/mL each of ESAT-6 and CFP-10) and 5 μg/mL for PWM. Supernatants were harvested after incubating the plates at 37 o C in a humidified 5% CO 2 incubator for 18∼24 h. IFN-γ was then determined by a sandwich enzyme-linked immunosorbent assay (ELISA). Briefly, the wells were coated overnight at 4 o C with 100 μL of 1 μg/mL anti-bovine IFN-γ antibody (AbD Serotec, UK) in 50 mM carbonate buffer (pH 9.5). After blocking the wells with 10% fetal calf serum (FBS) in PBS containing 0.05% Tween (PBS-T) (assay diluent), culture supernatants were added to the wells and the samples were incubated at 4 o C overnight. After washing the plates, 100 μL of 1 μg/mL biotin-conjugated anti-bovine IFN-γ antibody (AbD Serotec) in assay diluent were added and the samples were incubated for 60 min. After further washing, 100 μL of streptavidin-horseradish peroxidase (HRP; AbD Serotec) diluted 1 : 10,000 in assay diluent were added and incubated for 30 min. After the final wash, tetramethylbenzidine (KPL, USA) was added to the wells. The reaction was stopped after 25 min by the addition of 50 μL of 2.5N H 2 SO 4 , at which time the absorbance at 450 nm was read. Recombinant bovine IFN-γ (AbD Serotec) was used to generate a standard curve and IFN-γ levels were reported as picograms of protein per milliliter of supernatant. Prior to analysis, the mean absorbance value from medium control wells was subtracted from that of antigen-stimulation wells. Blood culture with antigens and the IFN-γ ELISA were both run in duplicate.
M. bovis culture and DNA extraction from hilar lymph nodes Hilar lymph nodes were homogenized and treated with 2% NaOH for 15 min, then centrifuged at 3,080 × g for 15 min. Next, the supernatant was discarded, and tissue homogenates were re-suspended in PBS. The centrifugation step was then repeated and the supernatant was discarded, after which the residues were inoculated onto slopes of Ogawa medium containing 0.05% pyruvate and incubated for 12 weeks at 37 o C. For DNA extraction, lymph node homogenates were prepared using a DNeasy Blood and Tissue kit (Qiagen, Germany) according to the manufacturers' instructions.
Polymerase chain reaction
Smart Taq Pre-Mix (Solgent, Korea) was used for polymerase chain reaction (PCR) amplification, together with DNA prepared as described above and primers specific for a 113 bp IS1081 amplicon (5´-CTGCTCTCGA CGTTCATCGCCG-3´ and 5´-TGGCGGTAGCCGTTGC GC-3´) [18] . The PCR cycle consisted of an initial denaturation step of 95 o C for 7 min, followed by 35 cycles of 30 sec at 94 o C, 60 sec at 58 o C, and 30 sec at 72 o C, and then a final extension step of 5 min at 72 o C. The PCR products were subsequently analyzed by electrophoresis with using 1.5% agarose gels (Bioneer, Korea) in 1× Tris-acetic acid-EDTA buffer (pH 7.2). A 100-bp DNA ladder (Bioneer) was used to estimate the size of the PCR products.
Statistical analysis
Data were analyzed using GraphPad Prism 5 (GraphPad Software, USA). A receiver operating characteristic (ROC) curve was generated for the ESAT-6 and CFP-10 antigen cocktail to select the cutoff values that most effectively discriminated positive from negative samples. A student's t test was used to compare the mean IFN-γ levels, and the Mann-Whitney U test was used to compare nonparametric unpaired data. A p value < 0.05 was considered to be significant.
Results
IFN-γ responses in SIDT-positive and SIDTnegative cattle
A whole blood assay was established in a 96-well culture plate format to determine IFN-γ production after stimulation with the recombinant ESAT-6 and CFP-10 antigen cocktail. The IFN-γ concentration in each well was determined by comparing the OD values to those of wells containing recombinant IFN-γ. Standard curves were derived from 8 concentrations ranging from 0.078 ng/mL to 10 ng/mL (Fig. 1) , and each plate included its own standard curve. As the samples were diluted 1 : 2 before the assay, the maximum detectable concentration was 20 ng/mL. The IFN-γ concentrations of SIDT-positive cattle were then compared with those of SIDT-negative cattle. The majority of the 135 SIDT-positive cattle produced more than 0.5 ng/mL of IFN-γ, while none of the 100 SIDT-negative cattle from BTB-free herds produced this level of IFN-γ (Fig. 2) . To account for the influence of other intrinsic factors that could affect the IFN-γ response, interpretation criteria of the results were established based on the IFN-γ assay detection limit and the results in SIDT-negative control animals and the criteria of the IFN-γ assay for diagnosis of M. tuberculosis infection in humans (QuantiFERON-TB; Cellestis, Australia). In this study, animals that gave an apparently negative result and produced less than 0.16 ng/mL IFN-γ in response to the PWM mitogen or greater than 5 ng/mL in the PBS control were considered indeterminate. These criteria resulted in two cattle with indeterminate results because of low IFN-γ production, even after stimulation with the PWM mitogen, and another that showed IFN-γ production without antigenic stimulation. Therefore, these three cattle were removed from the subsequent analyses.
Sensitivity and specificity of the IFN-γ assay for detection of M. bovis infection
A receiver operating characteristics (ROC) curve was generated for the IFN-γ assay using the ESAT-6 and CFP-10 antigen cocktail to determine the cutoff value for an IFN-γ-positive result (Fig. 3) . The most appropriate cutoff was defined as the point on the ROC curve with the greatest distance from the diagonal line (sensitivity = 1 -specificity), which resulted in an appropriate cutoff IFN-γ concentration of 0.125 ng/mL. However, 0.2 ng/mL of IFN-γ was used instead to improve the specificity of the IFN-γ assay without losing much sensitivity. When this cutoff was applied, 116 (85.9%) of the 135 SIDT-positive animals gave IFN-γ assay-positive results, indicating that the assay sensitivity was 85.9%. Additionally, none of the 100 SIDT-negative cattle from the BTB-free herds gave IFN-γ-positive results, indicating that its specificity was 100%.
Extent of M. bovis infection determined in herds with BTB outbreaks using the IFN-γ assay
Only SIDT-positive animals were selectively culled during annual screening; therefore, we investigated the extent of undetected M. bovis infection in the remaining cattle using the IFN-γ assay described above. To accomplish this, we tested a total of 374 animals from two groups of herds that had undergone BTB outbreaks, one consisting of 260 SIDT-negative cattle from 11 dairy herds that suffered BTB outbreaks as determined by the most recent annual test (recent outbreak), and another composed of 114 SIDT-negative cattle from four herds with a history of BTB outbreaks, but in which all of the animals tested negative in the most recent annual test (remote outbreak). The mean IFN-γ concentration of the animals from the herds with remote BTB outbreaks was significantly higher than that of animals from the herds with recent BTB outbreak (data not shown). When the cutoff criteria set by this study were applied for the IFN-γ assay, 79 (30.4%) of the 260 SIDT-negative cattle from herds with recent BTB outbreaks and 42 (36.8%) of 114 SIDT-negative animals from herds with BTB outbreaks that occurred at least 2 months previously tested positive for IFN-γ, respectively (Table 1) . These results indicate that a substantial portion of animals had an infection that was not detected by the annual SIDT screen. In addition, although there was no significant difference between groups, there appeared to be a trend towards a greater number of M. bovis infections over time. However, there was marked variation in M. bovis infection rates among dairy cattle herds, regardless of the number of SIDT-positive animals ( Table 2 ). In herd B with a recent BTB outbreak, only one (3.7%) of 27 cattle was SIDT-positive, while 20 (74.1%) were IFN-γ-positive; thus, 19 animals with M. bovis infection were not detected by SIDT. Conversely, six (16.2%) of 37cattle in herd H with a recent BTB outbreak were SIDT-positive, while seven (18.9%) of 37 cattle were IFN-γ-positive; thus, only one additional animal was identified by the developed assay. Based on the results above, total depopulation of animals in herds that have had a BTB outbreak is more suitable as a control practice.
Post-mortem examination for confirmation of M. bovis infection
To confirm M. bovis infection among SIDT-negative, but IFN-γ-positive cattle, we slaughtered 14 animals and examined them for the presence of visible lesions. Additionally, we removed the hilar lymph nodes for culture tests and molecular detection of M. bovis (Fig. 4) . No visible lesions were found in the internal organs (including the lung, spleen, liver, and kidney), but six cattle had granuloma lesions in their hilar lymph nodes. Additionally, M. bovis was isolated from the hilar lymph nodes of five cattle, four of which had a caseous lesion. Eleven cattle, including six with caseous lesions, were M. bovis-specific IS1081 PCR positive, confirming that the IFN-γ assay used in this study could detect M. bovis in a portion of dairy cattle that were SIDT negative (Table 3) .
Discussion
This study demonstrated that an IFN-γ assay using the ESAT-6 and CFP-10 antigen cocktail is useful for detecting M. bovis infection among dairy cattle with a sensitivity of 86% and a specificity of 100% when compared to SIDT. Although this study was limited in that it used the SIDT results as the criteria for M. bovis infection instead of culture results, the IFN-γ assay results obtained in this study were comparable to those obtained in other studies. For example, a study of 1,479 cattle from herds with BTB outbreaks in Spain revealed that the IFN-γ assay was positive in 149 (85.6%) of 174 SIDT-positive cattle and negative in 1,194 (91.5%) of 1,305 SIDT-negative cattle [5] . In another study of 220 cattle at high risk of BTB in Brazil, all of the 106 SIDT-positive cattle were also positive for IFN-γ, representing a sensitivity of 100%, and there were 20 additional cattle that were SIDT-negative, but IFN-γ assay-positive. Of these 20 animals, 14 were either culture positive or became SIDT-positive upon follow up tests [7] . Therefore, the results obtained by the IFN-γ assay in this study were comparable to those employed in other studies. In this study, we used the M. tuberculosis complex-specific antigens, ESAT-6 and CFP-10, to reduce false-positive results. During early development of the IFN-γ assay, the PPD-B and PPD-A antigens were used to increase specificity, but they resembled those of the comparative cervical tuberculin test [16, 20, 21] . However, owing to the availability of M. tuberculosis complex-specific antigens, there have been efforts to develop an IFN-γ assay with higher sensitivity and specificity using the ESAT-6, CFP-10, and other RD1 antigens [11, 13] . For example, the ESAT-6 antigen alone gave a comparable result to PPD-B in an in vitro IFN-γ assay of 19 animals infected experimentally with M. bovis [14] . In an extensive analysis of various M. tuberculosis complex-specific antigens, ESAT-6/CFP-10 had the greatest sensitivity (85%), and a specificity of 97% [1] . Use of the ESAT-6 antigen in the IFN-γ assay also gave a higher specificity than that achieved using the PPD-D/PPD-A-based IFN-γ assay (100% vs. 94%, respectively) [2] . Therefore, the IFN-γ assay established in this study produces results comparable to those employed in other studies. Possibly the most important finding in this study is that more than 30% of SIDT-negative cattle were positive based on IFN-γ assay of herds that had suffered recent BTB outbreaks. These findings suggest that selective culling of SIDT-positive animals under these circumstances is inadequate because it leaves a substantial portion of animals with M. bovis infection, which may act as sources of infection to other animals in the herds. The greater proportion of cattle testing positive presumably reflects the higher sensitivity of the IFN-γ assay than the SIDT. This greater sensitivity of the IFN-γ assay for detection of M. bovis infection is concordant with the findings of a number of previous studies. For example, in a study of 1,362 cattle from M. bovis-infected herds, the IFN-γ assay had a sensitivity of 82% and specificity of 99%, both of which were higher than those of SIDT, for which the sensitivity and specificity were 68% and 97%, respectively [20] . This greater sensitivity of the IFN-γ assay may reflect the fact that the IFN-γ response occurs at an early stage of M. bovis infection, while the changes that define a positive SIDT result only become apparent later. This assumption is supported by an experimental infection of cattle with M. bovis in which an increase in IFN-γ was detected as early as 2 weeks after infection in some animals, and all cattle were positive 4 weeks after infection [15] . However, under natural conditions, the infection dose may vary considerably, along with the time required for a positive IFN-γ assay or SIDT result. In a field study, IFN-γ detected changes 90∼150 days earlier than the SIDT [7] . This may help explain our finding that IFN-γ positivity was slightly higher among the SIDT-negative cattle from herds with earlier BTB outbreaks (36.8%) than herds in which the outbreaks were more recent (30.4%). Thus, the IFN-γ assay may be more effective at detecting M. bovis infections than SIDT in herds with BTB outbreaks.
In an attempt to demonstrate that there was a definite M. bovis infection among SIDT-negative, but IFN-γ positive cattle, we found that 11 (78.6%) of 14 cattle with these test results showed evidence of M. bovis infection either by culture tests (5 animals; 35.7%) or the presence of M. bovis DNA as determined using a PCR-based assay. Although the numbers were small, these findings still clearly demonstrate that the IFN-γ assay can detect genuine M. bovis infections in the majority of SIDT-negative animals. This finding is also supported by those of previous studies. In one such study, 23 (43.4%) of 53 cattle that were IFN-γ-positive but SIDT-negative were found to be culture positive for M. bovis [20] , while in other studies, 34%∼ 38% of IFN-γ-positive but SIDT-negative animals were positive for M. bovis culture [12, 17] . Therefore, the IFN-γ assay using the ESAT-6 and CFT-10 antigen cocktail employed in this study is considered to be specific for detection of M. bovis infection, even in SIDT-negative cattle. Taken together, our findings suggest that the IFN-γ assay described in this study is an effective test for M. bovis infection in cattle. Furthermore, if the results of this assay had been applied in addition to the standard SIDT in annual testing, many more cattle should have been culled. Accordingly, these findings indicate the need for an additional sensitive test(s) for M. bovis infection to enable more effective control of BTB, and that the IFN-γ assay could serve as such a test, particularly in countries where only a selective culling strategy based on SIDT results is in use. The only other practical method of controlling this disease may be the total culling of infected herds, although this would have significant economic consequences.
